Plant mitogenomes can be difficult to assemble because they are structurally dynamic and prone 28 to intergenomic DNA transfers, leading to the unusual situation where an organelle genome is far 29 outnumbered by its nuclear counterparts. As a result, comparative mitogenome studies are in 30 their infancy and some key aspects of genome evolution are still known mainly from pre-31 genome, qualitative methods. To help address these limitations, we combined machine learning 32 and in silico enrichment of mitochondrial-like long reads to assemble the bacterial-sized 33 mitogenome of Norway spruce (Pinaceae: Picea abies). We conducted comparative analyses of 34 repeat abundance, intergenomic transfers, substitution and rearrangement rates, and estimated 35 repeat-by-repeat homologous recombination rates. Prompted by our discovery of highly 36 recombinogenic small repeats in P. abies, we assessed the genomic support for the prevailing 37 hypothesis that intramolecular recombination is predominantly driven by repeat length, with 38 larger repeats facilitating DNA exchange more readily. Overall, we found mixed support for this 39 view: recombination dynamics were heterogeneous across vascular plants and highly active 40 small repeats (ca. 200 bp) were present in about a third of studied mitogenomes. As in previous 41 studies, we did not observe any robust relationships among commonly-studied genome 42 attributes, but we identify variation in recombination rates as a underinvestigated source of plant 43 mitogenome diversity. 44 45 forest tree, Norway spruce (Pinaceae: Picea abies), from whole-genome shotgun sequencing 77 reads. The P. abies mitogenome helps to fill a phylogenetic gap in comparative analyses, and to 78 that end we analyzed gene repertoires; sources of genome size heterogeneity; intraspecific 79 variation; and mutation, recombination, and rearrangement rates in gymnosperms. Prompted by 80 the detection of highly recombinogenic small repeats in P. abies, we reevaluated published 81 recombination rates in seed plants. Despite early recognition of recombination as a factor in 82 generating the diversity of eukaryotic mitogenomes (Palmer & Herbon 1988; Gray et al. 1999), 83 surprisingly little attention has been given to recombinational dynamics as a source of 84 mitogenomic diversity within plants. As in previous studies, we found no clear relationship 85 between mitogenome traits and potential mechanisms infor example, genome size and the 86 proportion of intergenomically transferred DNAbut the role of recombination as a driver of 87 mitogenomic diversity within plants merits further scrutiny. 88
Introduction 46
Mitochondria share an α-proteobacterium ancestor, a conserved core proteome, and an 47 almost universal function as the site of cellular energy production (Gray 2014). Despite the broad 48 similarity of mitochondria across eukaryotes, the vestigial mitogenome is remarkably diverse in Table 1 . Upgrading the initial assemblies First, a support vector machine (SVM) was trained to identify mitochondrial-like scaffolds from the P. abies genome assembly. We used the classified scaffolds to identify PacBio Sequel® subreads containing mitogenome-like 27-mers. These enriched reads were then assembled using three different pipelines. Scaffolds from each assembler with at least one mitochondrial protein coding gene were retained for assembly reconciliation and base-pair correction, thus yielding the final mitogenome draft.
improved the N50 of the canu (Koren et al. 2017) assembly (Table 1) . Despite initial differences 138 in size and contiguity, the assemblies were similar when considering only contigs containing at 139 least one of the 41 mitochondrial protein-coding genes conserved in Gingko and Cycas, which 140 we term high-confidence assemblies (Table 1) Genome annotation and gene repertoires in gymnosperms 149 General features of the P. abies mitogenome are summarized in Table 2 . All 41 protein- 150 coding genes inferred to be present in the last common ancestor of angiosperms were also found 151 in P. abies and, after re-annotation, also in P. glauca and Pinus taeda. This pattern of 152 conservation in Pinaceae is consistent with the early-diverging gymnosperms Gingko and Cycas, 153 which may suggest a less dynamic gene repertoire than in angiosperms, although Welwitschia 154 has undergone extensive gene loss (Guo et al. 2016 Picea and Ginkgo despite their > 10x size differences (Table 3 ). An ambiguous correlation 188 recombinogenic repeats ( Fig. 2A ; Table S4 ). Recombination was asymmetric in most cases, a 247 result consistent with the repair of stalled replication forks through break-induced replication 248 (Table S4 ; Maréchal & Brisson 2010). AGC abundance reached a maximum of 32% at a 186 bp 249 repeat, with the two possible isomers comprising 12% and 20% of the reads, respectively.
250 Surprisingly, the most recombinogenic repeats (AGCs ≥ 10%) ranged in size from 50 bp, the 251 minimum size evaluated, to 948 bp ( Fig. 2A ; Table S4 ). Overall, we found negligible correlation 252 between repeat length and AGC frequency ( Fig. 2B; r Table 4 to account for differences in repeat counts across species but are presented in absolute 281 terms in Table S5 . Consistent with the canonical model, large repeats tended to be more active 282 than their smaller counterparts (Table 4 ). However, AGC abundances were not at equilibrium 283 with their reciprocal configurations in most species ( Rearrangements between the P. abies and P. glauca mitogenomes occurred an average of 309 every 1,540 bp and blocks of synteny rarely extended beyond gene boundaries (Fig. 3) Table 4 356 and re-arrangement rates among species is unclear. For example, Monsonia and Silene vulgaris 357 have markedly different levels of intramolecular recombination (Table 4 ), yet have similar 
386
Relative substitution rates were consistent with previous studies analyzing fewer genes or species 387 (e.g. Mower et al. 2007; Guo et al. 2016) and are reported in Table S7 . 
Intraspecific variation 389
We used the PacBio Sequel® system to sequence partial mitogenomes from two P. where c is the class, n is the number of kmers in the scaffold, and , is the probability of . 460 We assessed the SVM model performance using cross-validation. The initial training data 461 were divided randomly into nine trials varying in training subsets from 10-90%, each consisting 462 of 100 cross-validation tests. Kmer scores, SVM training, and classification were carried out as 463 described above. For each trial, we calculated the mean false discovery rate (FDR) and true 464 positive recall.
465
Mitogenome assembly 466 We screened subreads from 77 PacBio Sequel® SMRT cells generated from genomic 
